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ABSTRACT

Measuredaveragereactioncross sectionsfor the Big Ten
centralfluxspectrumare given togetherwith calculatedvalues
based on the U.S. EvaluatedNuclearData File 2NDF/B-IV. Central
reactivitycoefficientsfor 233U, 235U, 23’3Pu,6Li, and ‘OB are
given to oheck coflslstencyof bias between❑easuredand calculated
reactioncross sectionsfor theseisotopes. Spectralindexesfor
the Los Alamos233[1,235U,and 239Pu❑etal criticalassembliesare
up<ated,utillzingthe Big Ten measurementsand interassembly
calibrations,and theirimplicationsfor Inelasticscatteringare
reiterat~d.

REACTIONRATE MEASUREMENTSIN BIG TEN

As part of the InterlaboratoryReactionRate (ILRR)ProgramT
to measurereactionrates in a varietyof ne~ltronfields,standard
Big Ten sampleirradiationswere made for the participating

i
aboratories:RookWellInternationalfor heliumproductionin
Li and IOB;N tionalBureauof Stcndards(NBS) for fissionsin
233u, 235u, 23~u,237NP,and 239Pu;ArgonneNationalLaboratory,
AtlanticRichfieldHanford:ompany,HanfordEngineering
DevelopmentLaboratory,and IdahoNuclearEngineeringLaboratory
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for they-ray ❑easurements. Additionally,therewere standard
sampleirradiationsfor the radioohemistrygroup of the Los Alamos
ScientificLabcnatory(LASL)for activationmeasurements. Fluence
❑onitoringwas principallyby the oentrallylocatedNBS fission
chamberand, secondarily,by externallylocatedfissionchambehs
and centrallylocatedactivationfoils.

TableI lists the resultsof these❑easurementsand the
resultsof calculationsbaaed on the U.S. EvaluatedNuclearData
File,ENDF/B-IV. The experimentaldata,originallyexpressedas
~eactions

5
er secondper atom,have been scaledto make the ILRR

measured2 5U fissionrate numericallyeql~alto 1375which
correspondsto the calculatedIntegra!fissioncross sectionin
❑illibars. Uncertaintiesin measuredintegralcross section
ra’.losare then siu!plyobtainableby compoundingthe uncertainties
l.stedfor the individualreactions. The agreementbetween
reactionratesobtainedby the ILRR laboratories

l151n(n,n’) 5
nd by the LASL

is good save for 1151?lInand 27Al(n,a)2Na.

In the case of the iridiumr~action,part of the disagreement
is causedby the choicesof differentY branchingratios:for the
336 keV gamma,ILRR used an intensityof 45.9$and LASL used 47.3%
both of which differfrom the value49.5%used on the ENDF/B-IV
cross sectionevaluation. If one redeterminesthe LASL and
ENDF/B-IVintegralcross sectionswith the ILRR gamma intensity,
the 1151n(n,n’)115mInvaluesare respectively35.C and 36.1mb.
In the case of the aluminum(n,a) reaction,there is a 13Z
differencebetweenILRR and LASL values,a differenceessentially
equal to that bet een valuesobtainedby CEN/SCKand ULh? for the
EL neutronfield.? One concludesthat errorsin absolute
Y-detectionefficienciesfor the relativelyhigh energy24Na
gammasprevent❑eaningfulcomparisonsof aluminum(n,a)integral
cross sectionsmeasuredfor differentneutronfieldsby different
laboratoriesunlesserror correlationis introducedby
Intercalibrationof the detectionsystem.

INTEGRALCROSSSECTIONCALCULATIONSFOR BIG TEN

The centralfluxspectrumwas calculatedby a multigroup
neutrontransportcode usingan S4 quadrature,ENDF/B-IV
materialcross sectionsprocessedinto0.125 lethargywidth
groups,and a MaxwellIanfissionneutronspectrumwith a
temperatureof 1.336MeV. As with othersiupleassemblies,the
calculatedflux speotrumabovea few MeV has essentiallythe same
energydependenceas the inputfissionneutronspectrumregardless
of ohoice of ❑aterialcross sections. Althoughone shouldhave
used an inputspectrumvery closeto the thermalneutroninduced
fissionneutronspectrum,X~5, of 235U, the significant
differenceIs prsmumablyin the high-energytails.
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TABLE I. IN?EGRALCROSSSE~IONSIN THE BIC-10CENTRALFLUXSPECTRUH

Reaotion,R

%o(n,Y)60co

58Fo(n,Y)59Fe

55?h(n,Y)56Mn

63Cu(n,Y)6~:;

‘g7Au(n,Y) Au

238U(n,Y) 239U

‘OB(n,He)
U5

So(n,Y)46Sc

“31n(n,Y) “41n

“51n(n,Y)
1161n

6Li(n,He)

233U(n,f)

235U(n,~)

23gPu(n,f)

237Np(n,f) ,15m

“51n(n,n’) In

23GU(n,f)

47Ti(n,p)U7Sc

58Ni(n,p)~~Co

54Fe(n,p)46Mn
46Tl(n,p) Sc

‘27Al(n,p)27Mg

56Fe(n,p)5~:

238U(n,2n) U

27Al(n, a)24Na

48Ti(n,p)48Sc

‘97Au(n,21])
lg6Au

Heasurad (rob) Calaulatod (h)

ILRR

!3.0

4.21

—

22.5

230

151

1380

18.2
-.

-.

966

2214

E 1375

1647

436

37.2

51.3

2.96

16.9

12.4

1.79
---

---

-.

0,107

0.049
---

* 0.2
* 0.11

i 1.3
*2

*4

24

t 0.3

*4

* 50
i 15

t 18
*8

* 0.7

t 0.7

t 0.11

* 0.3

k 0.4

t 0.03

t 0.003

t 0.001

LASL

12.8

4.00

7.4

23.8

235

1!7

-.

17.5

583

200

-..

-.

1391

-“

-..

34.3

52.1

2.85

16.2

11.9

1.77

0,545

0.128

0.204

0.095

0.048

0.49

* 0.5

k oo16

* 0.2

* 1.4

*4

*3

* ().5

* 35

*6

t 28

t 1.7

k 2.6

f 0.11

* 0.5

* 0,4

* 0.05

& ().()16

t 0.()()5

* U.008
i 0.003

* 0.001

i 0.05

ENDFAIV

12.6

3,09

---

24.0

220

148

1217

15.9

-.

233

953
2091

1375

1613

46o

3345

52.4

3.55

16.2

12.1

1.56

0.649

0.179

-..

0.126

0.032

..-

Refs.

1,2

1,2

2

1,2

1,2

1,2

3

1,2

2

2

3

u

5

5

5

1,2

5,2

1,2

1,2

1,2

1,2

2

2

2

1,2

1,2

2

Integralreactioncross sectionswere determinedfrom the
caloulat~doentralfluxspectrumand multigroupcros

8
seotions

derivedfrom ENDF/B-IV. Fcr radiativeoapturein 23 U, the
shielded❑ultigroupcross sectionsprooessedfor the transport
calculationswere used, We believethe calculatedintegraloross
seotionsfor the non-thresholdreactionsproperlyreflectthe
nucleardata takenfromENDF/B-IV,

[
or reactionswith thresholds

progressivelyhigherthan that of 23 U(!,f),the calculated
integralcross seotionsdependprogressively❑ore stronglyon the
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fissionneutronspectrumused in the flux calculation. Yera
directcomparisonbetweencalculationsand measurementsof the
best known high-thresholdreactionaishouldexposethe flaws in the
inputspectrumeven as similarcalculationsand ❑easurementsfor
X25 shouldexpose the flaws in the best presentdescriptionof
that baaicspectrum.7

We wish to confineour attentionIn the remaindr of this
sectionto the non-thresholdreaotionsof Au, 810B, Li,
233U,235U,and 239Puwhere thereare supportivedaza to thoseof
Table I. As an ex pie, the absolutefissionratio❑easurements
by Amundsonet al.P for the Flatto~25 speatrumand by
Linenbergerand Lowry9for the Topsyspectrun,togetherwith
relativefissionratiomeasurementsconnectingtheseto Bi Ten,

~give for Big Ten, the integralcross sectionratiosVf(23 U)/
af(z%u) = 1.564(~1.6%)and~f(239Pu)/Uf(235U)= 1.!70(%.6%); the
correspondingILRR valuesfrom TableI are 1.61O(*2.5%)and 1.198
(fl.5$). We use a weightedaverageof thesedata in Table II
which lists❑easuredand calculatedreactionoross sectionratios
and reactivitycoefficientratios.’l”

The biasesbetweenmeasuredand calculatedfissioncross
sectionratiosfor the flssileisotopesare essentiallyduplicated
by the bizsesbetween❑easuredand calculatedreactivity
coefficientratiosfor Big Ten, and againby the biasesbetween
❑easuredand calculatedk-eigenvalue-ratiosfor the bare 233U,
235u,and 239PUmetal criticalassemblies. For theselatter,
harderspectrum,assemblies,the biasesbetweenmeasuredand
calculatedfissionratiosand reactivitycoefficientsare very
closeto those for Big Ten. These spectruminsensitiveresults
indicatebiasesin the ENDF/B-IVimplicationsof fissionratios
but, by themselves,revealnothingmore specific.

The two reasonsfor including6Li in TableII are 1) to show
a heliumproduction❑easurementresultthat is con,~istentwith a
reactivitycoefficint ❑easurementresultand 2) to show that the
calculationsusingzLi(n,a:cross sectionsfrom ENDF/B-IVare in
reasonableagreementwith these results.

The observedheliumproductioncrosssectionof 1°B exceeds
the calculatedvalueby a surprisingmarbin. The observed
reactivitycoefficientconfirmsthat the neutronabsorptioncross
sectionfor 10B is indeedlargerthan the calculatedvalue
althoughthe two observationsare only in qualitativeagreement.
These resultsperhapssuggestthat the centralflux spectrumof
Big Ten 18 softer than the calculatedspectrumbut this ie not
oonfirmedby the gold reaction❑easurementswhiohare only
❑arginallydifferentfrom oaloulations.That is, it Is difficult
to see how any readjustmentof the calculatedBig Ten spectrum

f
could yield acre-ent be ween measuredand aaloulatedreaotion
cross aeotlonefor both ‘B and 197Au.
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TABLE II. Co9paI’lmna of Reaction Rate
tbo Canter of Big Ten.

HeMured

endReactivityCoefflulentRatioa

Calculated

u (%q=%) 1.580(tl.9f)

A: (233U)/Ako(235U)o 1.729(~1.OS)

u (%wuf( 235U) 1.185(tl.7s)

~ (23gPu)/Ake(23-U)o 1.658(m.8$)

un,He(6Li)/uf(235U) 0.703(~1.2X)

AkO(5Li)/AkO(235U) -0.389(i2.6f)

9n,FJe(’OB)/af( 235UI 1.003(tl.2f)

Ako(10B)/Ako(2351J) -0.513(~0.6f)

1.521

1.677

1.174

1,626

0.693

0.375

0.885

-0.472

un,y(Au)/u+235U) 0.1676(il.2X) O. 16OO

Mo(Au)/4kO(235U) 0.1229(*1.OZ) O. 1224

Maaaured/Calculated

1.039*o.olga

1.031 ~o.olo

1.009 ~o.017b

1.o2o tc.008

1.014 ~o.o12

1.037 ~0.027

1.133 ~o.o13

1.087 to.oo7

1.048 ko.013

1.004 *O.O1O

a The measured to calculated eigenvalue ratiok(Jezebel-23)/k(Codiva)is

1.044~o.oo2.

b The measured to calculated eigenvalue ratio k(Jezebel-Pu)/k(Godiva) is

1.007 ~o.oo2.

CENTRALSPECTRALINDEXESFOR BIG TEN
AND RELATEDBENCHMARKASSEMBLIES

The fissionratios~f(238U)/=f(235U)and ~f(237Np)/
=f(235U)have ions been use

1
as spectralindexesrelatedto neutron

flux fractionsabove the 23 U and 237Np fissionthre~h~lds. The
absoluteratio ❑easurementsin Big

i
m togetherwith similar

measurementsin Flattop-25and X25 ~’1 ermitan updatingof
~ , 235u,and 239pumetalthe observedspeotralindexesfor the 23 U

criticalassembliesand associatedfigsionneutrons ectra
reportedby Grundland Hansensome twelveyears ago.!2 Table
III liststhe present‘bestnratio data alongwith calculated
ratiosbased on ENDF/B-IVoross-sectionsand Maxwellianfission
neutronspeotra(T = 1.35 MeV for the uraniumassembliesand T =
1.41MeV for the plutoniumassemblies).
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The agreementor disagreementbetweenan observedand
calculatedepeotralindexis markedlyaffeetedby the choice of
the fiaaionneutronspeotmsuused in the oaloulation.The
oal.aulatedratioof the spectralindexfor an aaaemblyspeotrumto
the spectralindex for the fissionneutron sourcespectrumis
insenaltiveto the choiceof sourcespectrunand depends
principallyon the inelaatictransferorosa-aectionaof the
assemblymaterial. Thus, from Table III, it is seen fcr example
that the calculatedflux fractionsabovethe 23% fission
thresholdfor Godivaand Big Ten are too high relativeto that of
the x25 sourcespeotrm and hence that inelastictransfercross
sectionsof 2~5U and 234U impliedby ENDF/B-IVare too small.’3

To the extentone believesthat the spectrumcalculations
properlyaccountfor the subtleeffectsof energy-dependent
neutrondiffusionor leakageon the spectralindexes,these
calc~lationsam! the observedspectral~ndexe~p~rmit inferenceof
the materialinelasticcross sectionsu2~ ando37 of
thin-shelltransmissionexperimentsfame.14 Thesecross

TABLEIII. OBSERVEDAND CALCULATED SPECTRALINDEXESOF BIG TEN, TNE235U,
233u, and 239Pu METAL CRITICALASS~LIES,ANDOF TNE
CORRESPONDINGFISS1ONNEUTRONSPECTRi.

~ft37N’)d3’u)
Obs Calca Calc Ob8

G
—— —

’25 0.25U(i2.2S) 0.2429 0.96 1.091(i2.4%)

Godiva 0.165(*1.lf) 0.1687 1.02 0.837(tl.61)

Flattop-25 O.lug(fl.o%) 0.1522 1.02 0.’65(fl.5l)

Big Ten o.0373(t

X23 0.259(~2

Jezebel-23 0.213(21

Flattup23 O.lgl(fl

.0s) 0.03a9 1.04 0.316(tl.5%)

4$) 0.2429 0.94 1.09B(t2c4%)

1s) 0.1903 0.89 0.977(f1.6S)

0%) J.1684 0.88 0.892(il.6X)

X49 0.263(*2.4S) 0.2525 0.96 1.lo3(x2.4f)

Jezebel-Pu 0.214(*1.11) 0.1923 0.90 0.962kl.75)

Flattop-Pu o.180(if.os) 0.1642 0.91 u.842(i I.6f)

Q me ~lculation~ used ENDF/BIV cross sectionsand~XWellian
spectra characterized by the temperatures 1.35 MeV for uranim
plutonium.

Celca

1.068

0.877

0.009

0.339

1.068

0.929

0.849

1.082

t).g~z

0.825

0.98

1.05

1.o6

1.07

0.97

0.95

0.95

o.g8

0.97

0.98

fission neutron
md 1.41 P!eV for
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seotiona,correapondi~groughlyto he inelastictranufercross
bsectionsfrcm above to below the 23 U and 237Np fission

thresholdsfor fissionneutrons,were evaluatedin Ref. 12, and,
with the aid of Table III, we updateand extendthat evaluationto
includethe data from Big Ten.

‘n(x)u28
ENDF/B-IV From Table III ENDF/B-IV From Tale III

239PU
1.20 0.80M.17 0.60 0.57t0.18

233U 1.36 1.olti.15 0.73 0.60ti.15
235U

1.10 1.44M.15 0.54 0.85m.11
238U

1.99 2.24~.09 0.96 1.09t0.06

The inferredinelasticcross sectionsfor the fissileisotopes
agree well with the valuesof Ref. 12. In the above table,the
Isotopesare listedin decreasingorder of theirplateaufission
cross sectionsand, historicallyone believedthis would
correspondto .:n

if;:a:gf order of theirinelasticscattering
cross sectionsa2 The spectralindexda;a, for the
simplecriticalassembliesconsideredin this report,confirmthat
beliefmuch more consistently
ENDF/B-IV.

In summary,we have noted
measuremen~sand calculations

than do the evaluateddata from

*mm

some discrepanciesbetweendosimetry
based on ENDF/B-IVsuch as for the

gold and boron-10reactioncross-st.’,ionsin Big Ten and for the
inelasticcross sectionsof 233U, 235U,238U,and 239Pu
for fissionneutrons. We understandthat the discrepancybetween
❑easuredand calculatedfissioncrosssectim ratiosfor 233U,
235u, and 239Pu in Big Ten essential]v disappearsif
calculationsare based on the new ENDF/B-V. The influenceof
ENDF/B-Von other discrepanciesremainsto be seen.
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